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Predictions for the low-lying excitation spectrum of positive parity pentaquark
systems containing one c¯ or b¯ antiquark and four light u, d quarks are obtained in
the quark model picture for models with spin-dependent interactions given either by
effective color magnetic (CM) exchange or effective Goldstone boson (GB) exchange.
For the GB model, 4 excited states are predicted to lie within ≃ m∆ −mN of the
JP = 1/2+ ground state while, for the CM model, 10 states are expected in the
same range. Both the lowest excitation energy and the relative splittings are much
smaller in the CM case. These predictions are on the same footing as those for the
analogous splittings in the non-exotic baryon sector and, as such, provide a means
of not only testing the models, but potentially ruling out either one, or both.
PACS numbers: 12.39.Mk,14.20.Lq,14.20.Mr,12.40.Yx
I. INTRODUCTION
Interest in “heavy pentaquarks” (states with the quark content Q¯q4, where Q¯ = c¯
or b¯, q = ℓ or s, with ℓ = u or d) goes back more than fifteen years to observations
made in the context of the effective color-magnetic exchange (CM) model, a model with
considerable phenomenological success in describing splittings in the baryon spectrum.
The spin-dependent interactions of the model have the form
HCM =
∑
i<j
CCM
mimj
fCM(~rij)~σi · ~σj ~Fi · ~Fj , (1)
where ~σi are the Pauli spin matrices, ~Fi = ~λi/2 for quarks and ~Fi = −~λ
∗
i /2 for antiquarks,
are the Gell-Mann color matrices, CCM is a constant, mi is the constituent quark mass,
and fCM(~rij) contains the spatial dependence, usually taken to be a smeared version
of the delta function. In the combined SU(3)F and mQ¯ → ∞ limits, the J
P = 1/2−,
flavor 3F heavy pentaquark channel was found to have a hyperfine expectation optimally
attractive relative to the corresponding strong decay threshold, BPH (with B and PH
the relevant octet baryon and heavy pseudoscalar meson) [1]. Subsequent investigations
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2showed that SU(3)F breaking, kinetic energy, confinement, and mQ¯ 6= ∞ effects all
reduced binding. The combined effect made it unlikely that even the most favorable of
the JP = 1/2−, 3F states (that with isospin and strangeness (I, S) = (1/2,−1)) would
bind [2]. Since an attractive s-wave interaction insufficiently strong to bind produces
positive phase motion, but not resonant behavior, such a JP = 1/2− state, if above
threshold, would be non-resonant, with an s-wave “fall-apart”decay to NDs or NBs.
The situation is rather different for the Goldstone boson exchange (GB) model, where
negative parity heavy pentaquark states were found to be unbound by several 100
MeV [5]. The model involves effective interactions generated by Goldstone boson ex-
change, and was introduced to deal with certain phenomenological problems of the CM
model, in particular the problem of the incorrect ordering of positive and negative parity
excited baryon states [3]. The effective spin-dependent GB qq interactions have the form
HGB =
∑
i<j
CGB
mimj
fGB(~rij)~σi · ~σj ~Fi · ~Fj , (2)
with ~σi the Pauli spin matrices, ~Fi = ~λi the Gell-Mann SU(3)F flavor matrices, and
CGB a constant. The explicit form of fGB(~rij), whose parameters are fixed from the
study of the baryon spectrum, is given in Ref. [4]. As first noted by Stancu [4], reducing
the q4 orbital permutation symmetry from [4]L to [31]L by introducing a single p-wave
excitation among the four light quarks increases the hyperfine attraction. The interaction
turns out to bind those positive parity (P = +), 6F states having quark content Q¯ℓ
4 and
discrete quantum numbers (I, S, Jq) = (0, 0, 1/2) (where Jq is the total intrinsic spin
which, combined with the orbital L = 1, yields the total J). The binding energies are 76
MeV and 96 MeV for the Q¯ = c¯ and b¯ systems, respectively [4]. The other members of
the 6F multiplet are predicted to be unbound, but by less than ∼ 100 MeV, and hence
might appear as genuine resonances, since an attractive interaction in a relative p-wave
can play off against the peripheral centrifugal repulsion to produce resonant behavior.
An experimental search for strong interaction stable anticharmed (I, S) = (1/2,−1)
pentaquark states decaying to K∗0K−p was performed by the E791 Collaboration [6].
Negative results were reported in the mass range 2.75− 2.91 GeV.
The discovery of the S = +1 θ baryon [7] has led to a revived interest in heavy
pentaquarks [9, 10, 11, 12, 13, 14, 15, 16, 17]. If, as is now generally assumed, the θ
parity is positive, then whatever mechanism makes the θ narrow is likely to also make
its heavy quark analogues, the θc,b, narrow. The H1 collaboration has recently presented
evidence for a narrow anticharmed pentaquark resonance, with mass 3099±3±5 MeV and
width compatible with experimental resolution, decaying to D∗−p [9]. This observation
has yet to be confirmed. The H1 state was also searched for, but not seen, by ZEUS [10].
A number of recent quark-model estimates exist for mθc,b . These are based on (i)
existing proposals for the structure of the θ, (ii) assumptions about the relation between
the structures in the θ and θc,b and (iii) the experimental value mθ ≃ 1540 MeV [11, 12,
13].
In the Jaffe-Wilczek (JW) scenario [11, 18], a structure consisting of two I = J = 0,
C = 3¯ qq pairs coupled antisymmetrically to net color 3, with only confinement forces
3between the s¯ and the qq pairs, is proposed for the θ. The same light quark configuration
is then expected for the θc,b. The analogous baryon splittings, ≃ mΛc,b −mΛ, are used to
estimate mθc,b −mθ. The resulting estimates,
[mθc ]JW ≃ 2710 MeV
[mθb]JW ≃ 6050 MeV , (3)
lie ∼ 100 and 170 MeV, respectively, below ND¯ and NB thresholds.
In the Karliner-Lipkin (KL) scenario, the structure proposed for the θ consists of
one I = J = 0, C = 3¯ qq pair, as in the JW scenario, but with the spin and color
of the remaining pair flipped and anti-aligned to those of the s¯, producing “triquark”
(uds¯) quantum numbers (I, J, C) = (0, 1
2
, 3) [19]. The scenario is motivated by the CM
model, in which the hyperfine energy of the KL correlation is lower than that of the JW
correlation. The qQ¯ hyperfine interactions (which drive the uds¯ cluster formation) are
weakened when s¯ is replaced by c¯, b¯, reducing the hyperfine attraction in the θc,b systems.
KL estimate this reduction by assuming that (i) the same diquark-triquark correlation
is present in the θc,b as in the θ and (ii) the strength of the Q¯ hyperfine interactions
scale, as in the CM model, with the inverse of the constituent Q¯ mass [12]. The resulting
modification of the JW estimates leads to
[mθc ]JW ≃ 2985 MeV
[mθb]JW ≃ 6400 MeV , (4)
which puts the θc and θb both ≃ 180 MeV above strong decay threshold.
The JW and KL estimates for mθc,b rely on the assumption that the change in 1-body
energies in going from the θ to θc,b is well approximated by the analogous change in
the q3 sector. The systematic uncertainty accompanying this assumption is difficult to
estimate. One should bear in mind that, in contrast to the chiral soliton model picture,
where a low-lying θ is quite natural [20, 21, 22, 23], the θ mass is much lower than naive
constituent quark model expectations would have anticipated. Such expectations are,
however, based on effective quark model Hamiltonian which do not explicitly take into
account differences in vacuum response in the q3 and pentaquark sectors.
The dibaryon sector of the bag model provides an illustration of the problems such
neglect might produce [24]. The difference between the 1-body energy of a single q6 bag
and that of two isolated q3 bags, evaluated with standard bag model parameters, is ∼ 50
MeV. This relatively small shift, however, results from a close cancellation between two
∼ 400 MeV shifts, one in the kinetic, and one in the “zero point” (Z/R) energy. This
cancellation is an extremely sensitive function of the bag parameter, B1/4 [24]. Size-
able uncertainties are thus present in estimates for the 1-body contribution to splittings
between ordinary hadron and multiquark states, even before the relative crudeness of
the modelling of the vacuum response in the bag model is taken into account. Typical
constituent quark models for which extensions to the P = + pentaquark sector are fea-
sible do not explicitly incorporate even such a simple realization of vacuum response.
The resulting estimates for 1-body contributions to pentaquark energies are thus likely
4to have sizeable uncertainties. Predictions insensitive to the model treatments of the
1-body energies are thus desirable. We discuss several such predictions in this paper.
The fact that the θ, and hence its partners in the 10F multiplet having N and Σ
quantum numbers, lie in the midst of the first positive parity excitation baryon region
also suggests that past treatments of the excited baryon sector which include only q3
configurations and neglect mixing with pentaquark states are almost certainly unreli-
able. The phenomenological successes (or failures) of the models in accounting for the
excited baryon spectrum thus need to be revisited. Since the presence of pentaquark
configurations makes the phenomenology of the excited baryon sector more complicated
than heretofore anticipated, it is useful to have distinctive predictions of the models in
the phenomenologically less-complicated exotic sector. The results of this paper, which
show significant differences for the splittings in the P = + heavy pentaquark sectors of
the GB and CM models, provide useful predictions of this type.
In the rest of the paper, we present the results of fully-antisymmetrized GB and CM
model calculations for the hyperfine energies of heavy P = +, Q¯ℓ4 states. The results
allow us to investigate, in a dynamical context, cross-cluster interaction and antisym-
metrization effects neglected in the JW and KL approaches, and to study the impact of
such effects on the JW and KL estimates for the heavy pentaquark hyperfine energies.
These points are discussed in Sec. IIA. In Sec. II B we discuss the splittings predicted
by each model. These are determined up to an overall scale, associated with the size
of the [31]L spatial wavefunction, by the spin-isospin-color structure of the effective in-
teractions, and are independent of the model 1-body energies. This would not be true
of the splittings between Q¯ℓ4 and Q¯snℓ4−n states, where flavor-breaking effects for the
problematic 1-body energies would need to be taken into account. In Sec. II B we also
present results for the overlaps of the various pentaquark states to NPH and NV
∗
H (with
V ∗H the relevant heavy vector meson). Ratios of these overlaps are expected to deter-
mine the ratios of effective couplings to the NPH and NV
∗
H decay channels, if the decay
mechanism is dominated by “fall-apart” through the p-wave centrifugal barrier [25].
II. HEAVY PENTAQUARK STATES IN THE GB AND CM MODELS
The results which follow are obtained by constructing, in each (I, Jq) channel, all pos-
sible color singlet pentaquark states obtainable from fully-antisymmetrized ℓ4 states with
[31]L orbital and [211]c color symmetry, and diagonalizing HGB or HCM in the resulting
basis. The construction of states and evaluation of matrix elements are standard, and
not presented here. Useful cross-checks on the state construction, phase conventions,
and spin, color and isospin matrix elements employed are provided by the schematic
versions of HGB,CM , which neglect the spatial dependence of the operators, allowing the
expectations to be obtained by standard group theoretic methods.
In the spatial sector, it is convenient to work with a [31]L S4 basis whose members
transform as the SS, SA and AS irreps of S122 × S
34
2 . The GB and CM light quark
hyperfine matrix elements are then completely determined by the spatial matrix elements
〈[31]L, ρ|fGB,CM(~r12)|[31]L, ρ〉, ρ = SS, SA,AS (5)
5To estimate the contributions from the Q¯ℓ interactions, which vanish identically only in
the mQ¯ → ∞ limit, we employ the following form for the ρ = SS, SA,AS [31]L spatial
wavefunctions (where only the (L, Lz) = (1, 0) component is displayed):
ψρ10
(
~rSS, ~rSA, ~rAS, ~R5
)
= N zρ exp
[
−
α2
2
(
r2SS + r
2
SA + r
2
AS
)
−
β2
2
R25
]
. (6)
N is a normalization constant, and the relative coordinates, ~rSS, ~rSA, ~rAS, and ~R5,
are defined in terms of the quark (~ri, i = 1, · · · , 4) and antiquark (~r5) coordinates, by
~R5 =
√
4
5
[
1
4
(~r1 + ~r2 + ~r3 + ~r4)− ~r5
]
, ~rSS =
1
2
(~r1 + ~r2 − ~r3 − ~r4) /2, ~rSA =
1√
2
(~r3 − ~r4),
and ~rAS =
1√
2
(~r1 − ~r2). We quote results below in dimensionless form by removing a
factor of 〈[31]L, SS|fGB,CM(~r12)|[31]L, SS〉 from all hyperfine expectations.
For the GB model, we work with the version employed in Refs. [4, 26], in which GB
exchange is considered only between quarks, and not between the light quarks and rele-
vant antiquark, Q¯. The dominant model uncertainty in the predictions for the splittings
and overlaps is associated with the α dependence of the ratio, µGBAS , where
µGB,CMAS ≡ 〈[31]L, AS|fGB,CM(~r12)|[31]L, AS〉/〈[31]L, SS|fGB,CM(~r12)|[31]L, SS〉 . (7)
For the variationally optimized value of α found in Ref. [4], µGBAS = 0.32. We allow a
±50% variation about this value to study the possible model dependence of the results.
In the CM model, the residual Q¯ℓ interactions present when mQ¯ 6= ∞ lead both
to small shifts in the mQ¯ → ∞ hyperfine expectations, and to additional mixing, in
particular between configurations with different light quark spin. This can have a non-
trivial impact on the overlaps toNPH andNV
∗
H . The size of these effects depends on β/α.
We study this dependence by varying β/α between 0.4 and 0.8. The midpoint of this
range corresponds to the variational solution of Ref. [4]. The dominant model dependence
for the light quark hyperfine expectations is that associated with µCMAS . Taking a Gaussian
form, fCM(~r) =
σ3
π3/2
exp[−σ2r2], for fCM(~r), µ
CM
AS depends on α/σ. This ratio is varied
between 0 (zero range limit) and 0.5 (corresponding to a range of ∼ 1/3 fm). µCMAS , of
course, vanishes in the zero range limit.
A. GB and CM Model Perspectives on the JW and KL Predictions for mθc,b
The JW I = J = 0, C = 3¯ qq correlation is by far the most attractive qq correlation
in the GB model. The version of the GB model employed here, having no Q¯ℓ hyperfine
interactions, also matches the JW scenario for the Q¯q interactions in both the θ and
θc,b channels, and hence provides a model context in which the impact of cross-cluster
antisymmetrization and interaction effects, neglected in the JW approach, can be inves-
tigated. Factoring out CGB/m
2
ℓ and the qq pair spatial matrix element, 〈HGB〉 = −8 for
each I = J = 0 qq pair. Two such pairs are thus hyperfine attractive relative to the
N , whose expectation is −14 (corresponding to ∼ −410 MeV). Once one accounts for
cross-cluster interactions and antisymmetrization, the model allows admixtures of other,
6higher-lying configurations. corrections, in the (I, Jℓ, Jq) = (0, 0,
1
2
) ground state, is to
lower the dimensionless hyperfine expectation from −16 to −21.9 ± 1.3. As in the JW
scenario, the light quark configuration is the same for the θ and θc,b. The ground state
turns out to be rather close to a pure [4]FJ configuration, a result which would be exact
in the schematic approximation. The ground state expectation, however, differs signifi-
cantly from the schematic value, −28, as a consequence of the reduction of µGBAS from its
schematic limit value, 1.
Although the I = J = 0, C = 3¯ correlation is also the most attractive qq correlation
in the CM model, more complicated correlations yield Q¯ = s¯ pentaquark configurations
with hyperfine energies below that of the JW ansatz [19]. The KL diquark-triquark
correlation is among these. However, even lower-lying configurations exist [26]. Indeed,
for the P = + ground state channel, the same Q¯ℓ interactions which lower the KL uds¯
hyperfine expectation also mix the KL and JW configurations. In the θ sector, the lowest
eigenvalue, computed using the full set of fully-antisymmetrized states, turns out to be
reproduced rather accurately (to within ∼ 1%) by a restricted two-channel calculation
employing the KL, JW basis which incorporates this mixing but ignores completely cross-
cluster antisymmetrization and interaction effects [26]. This suggests that, for the CM
model, the θ is dominated by the optimized combination of JW and KL configurations.
The implications of the above discussion for the θc,b follow from the 1/mQ¯ dependence
Q¯ℓ interactions in the CM model, which effect reduces both the KL triquark hyperfine
attraction and the strength of the mixing between JW and KL correlations, relative to
the θ. With the conventional constituent quark mass values of Ref. [19], the hyperfine
attraction is greater for the JW correlation than the KL correlation, for both the θc and
θb. The KL ansatz, in which the same diquark-triquark correlation posited for the θ is
assumed to dominate the θc,b, thus requires additional dynamics beyond that of the CM
model. With strictly CM model interactions, in the mQ¯ → ∞ limit, one expects an
(I, Jq) = (0, 1/2) ground state in the P = + sector, dominated by the JW correlation.
Neglecting cross-cluster interaction and antisymmetrization effects, as well as mixing with
other configurations, the hyperfine expectation for the JW correlation is, after factoring
out CCM/m
2
ℓ and the qq pair spatial matrix element, 〈HCM〉JW = −4. The true ground
state expectation in the model, 〈HCM〉 = −3.48± 0.04, obtained from the full mQ¯ →∞
limit calculation, indeed occurs for the (I, Jℓ, Jq) = (0, 0, 1/2) channel and is reasonably
approximated by 〈HCM〉JW . The ground state expectations for the c¯ and b¯ pentaquark
channels are in turn well approximated by the mQ¯ →∞ limit results.
The difference in the hyperfine energies of the θ and θc,b in the CM model can be
estimated using the N spatial matrix element (which is fixed by the ∆-N splitting) to
approximate the corresponding θc,b spatial matrix elements. With this estimate, the
reductions in the θc, θb hyperfine energies, relative to the θ, are found to be 125± 30 and
129± 29 MeV, respectively. Combining these results with the JW/KL estimates for the
1-body contribution to mθc,b −mθ, one obtains the modified estimates
mθc ≃ 2835± 30 MeV
mθb ≃ 6180± 30 MeV , (8)
which put the θc just above and the θb just below the corresponding strong decay thresh-
7olds. The errors quoted in Eqs. (8) reflect only uncertainties in the estimated hyperfine
energies. A sizeable additional uncertainty should presumably also be attributed to the
baryon-mass-difference-based estimate for the 1-body energy shift between the θ and θc,b.
These uncertainties make a reliable conclusion about the strong interaction stability (or
instability) of the θc,b in the CM model impossible.
B. Splittings and Decay Overlaps in the Heavy Pentaquark Sector
While uncertainties in the estimates of 1-body energy shifts mean that model pre-
dictions for the masses of P = + heavy pentaquark states are subject to considerable
uncertainties, the same is not true of predictions for the splittings between low-lying
excitations and the corresponding (I, Jq) = (0, 1/2) ground state. Up to an overall scale,
these splittings are determined by the spin-flavor (or spin-color) structure of HGB (or
HCM), and are on the same footing as predictions for the splittings in the ordinary
baryon spectrum.
Predictions for P = + heavy pentaquark splittings in the GB and CM models are
given in Tables I and II. Column 1 gives the (I, Jq) quantum numbers of the states,
Column 2 ∆Eˆ, the hyperfine splitting relative to the (I, Jq) = (0, 1/2) ground state,
in units of X = CGB,CM〈[31]L, SS|fGB,CM(~r12)|[31]L, SS〉/m
2
ℓ . X is determined by the
∆-N splitting in the limit that the pentaquark SS ij = 12 spatial pair expectation is
the same as that in the N . Results for the splittings in this limit, ∆Eest, are given in
Column 3. States with ∆Eest greater than ∼ m∆ − mN have been omitted from the
tables. Deviations of the pentaquark relative-s-wave pair distribution from that in the
N will produce only a global rescaling of all splitting values. The remaining columns
give the squares of the relative overlaps to NPH and NV
∗
H . These entries are discussed
in more detail below. The range given for each entry reflects the impact of varying β/α,
α/σ, and µGBAS within the bounds specified above.
As stressed by Close and Zhao [25], if the dominant mechanism for P = + pentaquark
decay to NM (M = PH , V
∗
H) is “fall-apart” through the p-wave barrier, the relatives
widths for the decays P1 → NM1 and P2 → NM2, should be given by
Γ[P1 → NM1]
Γ[P2 → NM2]
=
ρ1(mP1)
ρ2(mP2)
[
〈NM1|P1〉
〈NM2|P2〉
]2
, (9)
with ρk(mPk) the phase space factor for Pk → NMk. The overlaps, 〈NMk|Pk〉, depend
on the structures of the hyperfine eigenstates and the basic spatial overlaps,
xk = 〈N123M45|[31]L, k〉 , (10)
with k = SS, SA,AS. xAS is identically zero as a result of the symmetry of the quark
model N spatial wavefunction. In addition, for the phase conventions employed here,
|[31]L, SS〉 transforms as P23|[31]L, SS〉 =
1√
2
|[31]L, SA〉−
1√
2
|[31]L, AS〉 under the action
of the adjacent permutation P23, leading to xSS =
1√
2
xSA. All overlaps can thus be
written as a numerical coefficient times the single common spatial overlap factor xSA.
8TABLE I: Low-lying positive parity excitations of the θc,b in the GB model. All notation is as
described in the text.
(I, Jq) ∆Eˆ ∆E
est (MeV) g2P g
2
V ∗
(0,1/2) 0 0 1 3.00
(1,1/2) 4.50→5.71 132→167 2.24→2.54 0.75→0.85
(1,3/2) 4.50→5.71 132→167 0 1.27→1.36
(0,1/2) 10.2→14.5 299→423 2.01→2.07 0.67→0.69
(0,3/2) 10.2→14.5 299→423 0 2.68→2.75
The latter cancels in forming ratios. Columns 4 and 5 of the tables contain, for each
excited pentaquark state P ∗, the squares of the ratios gP and gV ∗ , defined by
gP = 〈NPH |P
∗〉/〈NPH|Pgnd〉
gV ∗ = 〈NV
∗
H |P
∗〉/〈NPH |Pgnd〉 , (11)
with Pgnd the corresponding (I, Jq) = (0, 1/2) ground state.
Certain general features of the results are evident from the tables. First, for both
models, two groups of excited states exist, one with “low” (less than ∼ 160 MeV) and
one with “high” (comparable to, or slightly less than m∆ − mN) excitation energies.
Second, the lowest of the excitation energies is significantly smaller in the CM than in
the GB model, ∆Eest ≃ 85− 90 MeV versus ≃ 130− 160 MeV. Third, the spectrum of
excitations is far denser for the CM model, which has 10 excited states within ∼ m∆−mN
of the ground state, compared to only 4 for the GB model. (Even more striking, for the
CM model, the 5 “low” excitations and 5 “high” excitations each lie in intervals of size
∼ 50− 60 MeV; even if some rescaling of the splitting estimates is required, two regions
with a very dense spectrum of states are thus predicted.) Fourth, for the GB model
both of the “low” excitations have I = 1, whereas low-lying excitations with both I = 1
and I = 0 exist for the CM model. Fifth, in both models, the “low” excitations have
one or both of their overlaps to NPH or NV
∗
H comparable to, or larger than, the ground
state overlap to NPH . As such, if one of the states is experimentally detectable, the
others should be as well. Finally, while the “high” excitations in the GB model also have
overlaps comparable to that of the ground state, those in the CM model have strongly
suppressed overlaps to both NPH and NV
∗
H , with the exception of the lowest of these
states, for which the NV ∗H overlap is comparable to the ground state NPH overlap for
some range of the input parameter values. The remainder of the “high” excitations
in the CM model should thus decay preferentially to multiparticle final states, making
them more challenging to identify experimentally. Note that the range of overlap values
is greater for the charm than bottom system in the CM model, reflecting the sensitivity of
the overlaps to mixing effects, which are greater for lighter mQ¯. The excitation energies
are typically much less sensitive, especially so for the “low” group of states.
9TABLE II: Low-lying positive parity excitations of the θc,b in the CM model. All notation is
as described in the text.
Sector (I, Jq) ∆Eˆ ∆E
est (MeV) g2P g
2
V ∗
Charm (0,1/2) 0 0 1 0.74→2.22
(0,1/2) 1.14→1.20 84→88 0.55→1.87 1.54→2.32
(1,1/2) 1.22→1.47 89→108 1.95→3.41 0.03→0.35
(0,3/2) 1.29→1.56 94→114 0 1.60→2.79
(1,3/2) 1.61→1.87 118→137 0 0.85→1.52
(1,1/2) 1.79→2.07 131→152 0.00→0.14 1.72→2.72
(0,1/2) 3.08→3.20 226→234 0.29→0.32 0.39→0.92
(1,1/2) 3.59→3.78 263→276 0.07→0.10 0.00→0.03
(1,3/2) 3.82→4.10 280→300 0 0.09→0.13
(0,3/2) 3.84→3.93 281→289 0 0.06→0.21
(0,1/2) 3.96→4.08 290→298 0.05→0.15 0.09→0.14
Bottom (0,1/2) 0 0 1.00 1.87→2.71
(0,1/2) 1.16→1.25 85→92 1.54→2.32 0.88→0.94
(0,3/2) 1.26→1.35 92→99 0 2.51→3.21
(1,1/2) 1.43→1.55 105→114 1.76→3.65 0.20→0.76
(1,3/2) 1.58→1.66 116→122 0 1.36→1.76
(1,1/2) 1.77→1.99 130→146 0.05→0.46 2.53→2.76
(0,1/2) 3.06→3.12 224→229 0.32→0.39 0.79→1.10
(1,1/2) 3.66→3.88 268→284 0.08→0.13 0.02→0.04
(1,3/2) 3.79→3.98 278→292 0 0.12→0.15
(0,3/2) 3.91→3.94 286→289 0 0.14→0.25
(0,1/2) 3.93→3.99 288→292 0.11→0.19 0.07→0.11
III. CONCLUSIONS
We have seen that rather low-lying spin-isospin excitations are expected in the heavy
P = + pentaquark sector, in both the GB and CM models. The number of such ex-
citations is especially large for the CM model. A spectrum of excitations richer than
in the ordinary baryon sector is generic to the quark model approach to pentaquark
states since the number of Pauli-allowed states grows rapidly with the number of con-
stituents. In the [21]L, ℓ
3 ordinary baryon sector, for example, only three channels,
with a single allowed state each, are present, to be contrasted to the situation in the
pentaquark sector, where 4, 3, 1, 6, 5, 1, 2, 2, and 1 independent states exist for the
[31]L, Q¯ℓ
4 (I, Jq) = (0, 1/2) (0, 3/2), (0, 5/2), (1, 1/2), (1, 3/2), (1, 5/2), (2, 1/2), (2, 3/2)
and (2, 5/2) channels, respectively. Spin-orbit partners, which are expected to lie rather
nearby in the CM model [27], will make the model spectra even denser.
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The pattern of these low-lying excitations has, in addition, been shown to be very
different for the two models. Not only is the number of states within ∼ 300 MeV of the
(I, Jq) = (0, 1/2) ground state much larger for the CM model, but also the minimum
excitation energy and pattern of quantum numbers of the “low” group of excitations is
significantly different from that of the GB model. Since these states all have an overlap
to either NPH or NV
∗
H comparable to or larger than that of the ground state to NPH ,
the presence of only I = 0 states in the “low” excitation region for the GB model, as well
as the presence of such excitation with both I = 0 and I = 1 in the CM model, should
be experimentally detectable by studying two-body decay modes. Experimental results
should thus allow one to rule out at least one, and perhaps both, of the models.
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